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I t e n t o f t h e s a l t and f r e e volume above t h e m o l t e n s a l t . P r e l i m i n a r y e x p e r imental d a t a on t h e c o r r o s i o n o f commercial, h l q h -t e m p e r a t u r e a l l o y s i n LiF-19.5CaF2 and NaF-27CaF2-36MgF2 m e l t s a r e presented and compared t o t h e thermodynamic p r e d i c t i o n s .
INTRODUCTION L a t e n t heat o f f u s i o n phase change m a t e r i a l s a r e b e i n g c o n s i d e r e d f o r h e a t s t o r a g e i n advanced s o l a r dynamic space power systems.
In o r d e r t o keep t h e t o t a l weight o f t h e space power system t o a minimum, t h e phase change m a t e r i a l must have a h i g h heat o f f u s i o n per u n i t mass. I t i s a n t i c i p a t e d t h a t heats o f f u s i o n g r e a t e r t h a n 0.4 kJ/g would be needed. A l s o t o m i n i m i z e t h e w e i g h t o f t h e c o n t a i n e r m a t e r i a l , use of a phase change m a t e r i a l w i t h a h i g h h e a t o f f u s i o n per u n i t m e l t volume would be d e s i r a b l e . F i n a l l y as c u r r e n t e f f o r t s a r e b e i n g focussed on B r a y t o n and S t l r l i n g c y c l e heat engines w i t h o p e r a t i n g temp e r a t u r e s I n t h e range o f 973 t o 1400 K ( r e f . 1 ) , t h e m e l t i n g p o i n t o f t h e phase change m a t e r i a l must l i e w l t h l n t h i s temperature range.
There a r e o n l y a few i n o r g a n i c f l u o r i d e s a l t s , i . e . , NaF, KF, and LIF, w h i c h meet t h e m e l t i n g p o i n t and h e a t o f f u s i o n requirements.
These f l u o r l d e s can be used o n l y I f t h e o p e r a t i n g temperature o f t h e heat engine i s c o m p a t l b l e w i t h t h e i r m e l t i n g p o l n t s ; t h i s c o n d i t i o n p u t s severe r e s t r l c t i o n s on t h e c h o i c e o f t h e o p e r a t l n g temperature f o r t h e heat engine. However, t h i s l i m lt a t i o n can be removed I f f l u o r i d e based e u t e c t i c m i x t u r e s and/or c o n g r u e n t l y m e l t i n g i n t e r m e d i a t e compounds are considered. U n f o r t u n a t e l y l i t t l e , o t h e r t h a n compositions and m e l t i n g p o i n t s , i s known about such systems, and i n many cases t h e p u b l i s h e d phase diagrams a r e o f q u e s t i o n a b l e accuracy because t h e d a t a determined by d i f f e r e n t authors a r e o f t e n i n poor agreement. I n a d d i t i o n *Department o f M e t a l l u r g y and M a t e r i a l s Science, Case Western Reserve U n l v e r s i t y , Cleveland, Ohio 44106 and NASA Lewis Resident Research A s s o c i a t e . t o the need for reliable thermochemlcal and thermophysical data, compatiblllty o f the multicomponent fluoride salt systems with posslble materials of construction must be studied to select a suitable containment vessel material.
This report describes the results of our studles on (1) characterization of multicomponent fluoride salt mixtures, and (2) corrosion of commercial, hightemperature alloys in several fluoride melts.
compositions for many systems with published phase diagrams were experimentally verified, and new eutectIc cornpositions with melting po'lnts between 973 and 1400 K were identlfied. The heats of fusion of several binary and ternary eutectics and congruently melting intermediate compounds were experimentally measured by differentlal scanning calorimetry. Additionally thermodynamic calculations have been made to determine the probable extent o f corrosion of metals in fluoride melts with and without the moisture In the system. Prellminary results on the corrosion of commercial, high-temperature alloys in fluoride melts will also be presented. There appears to be considerable uncertainty in the published LiF-MgF2 phase diagram. Bergman and Dergunov (ref. 7) investigated this system and found a complete series of solid solutions between LIF and MgF2 with a minimum melting point at about 33 mol % MgF2. et al. (ref. 9 ) show extensive solld solubllity on each side o f the phase diagram with an eutectic at 36 mol % MgF2, although the existence of the eutectic was not conclusively established. Limited thermal analysis experiments by Roake (ref. 10) suggest the presence of an eutectic with a melting temperature of 997 K; unfortunately Roake's study was limited to only 15, 40, and 50 mol % MgF2, and the exact eutectic composition was not determined. Because of poor agreement among the investigators of the LiF-MgF2 system, we have conducted in-depth thermal analysis experiments for LIF-MgF2 mixtures in the range of 0 to 50 mol X MgF2. The thermal analysis data, shown in lhe phase diagram data of Counts t a b l e 11, i n d i c a t e an e u t e c t i c a t about 30 mol X MgF2 and w i t h a m e l t i n g temperature o f 1001 K.
Among t h e s a l t systems w i t h p u b l i s h e d phase diagrams, t h e r e a r e o n l y a few s a l t m i x t u r e s w i t h v e r y h i g h heat o f f u s i o n per u n i t mass: 0.82 kJ/g, NaF-60MgF2 a t 0.71 kJ/g, KF-69MgF2 a t 0.77 k J / y and KMgFg a t 0.71 kJ/g. h i g h h e a t o f f u s i o n p e r u n i t l i q u i d volume. be a s u i t a b l e c a n d i d a t e i f h i g h heat o f f u s i o n p e r u n i t l i q u i d volume i s r e q u i r e d , even though i t has a r e l a t i v e l y low h e a t o f f u s i o n p e r u n i t mass (0.5 k J / g ) . T h i s i s due t o the h i g h e r l i q u i d d e n s i t y (-4.63 g/cm3) f o r CeF3
( r e f . 6 ) as compared t o t h e a l k a l i f l u o r i d e m e l t s (-1.8 and -1.8 g/cm3 f o r L i F and NaF m e l t s r e s p e c t i v e l y ) ( r e f . 5).
LiF-19.5CaF2 a t As shown i n t a b l e I , a l l t h e above s a l t s a r e a l s o l i k e l y t o have A d d i t i o n a l l y LiF-20CeF3 seems t o I d e n t i f i c a t i o n o f New E u t e c t i c Compositions Since L i F has a v e r y h i g h heat o f f u s i o n p e r u n i t mass ( 1 . 0 8 k J / g ) , i t i s a n t i c i p a t e d t h a t an e u t e c t i c between L i F and a n o t h e r compound would a l s o have a reasonably h i g h heat of f u s l o n per u n i t mass p r o v i d e d t h e r e i s no e x t e n s i v e s o l i d s o l u t i o n between t h e two. The h e a t of f u s i o n measurements ( t a b l e I ) show t h a t t h e i n t e r m e d i a t e compounds NaMgF3 and KMgF3 have v e r y h i g h h e a t o f f u s i o n per u n i t mass (0.67 and 0.71 kJ/g, r e s p e c t i v e l y ) ; t h e r e f o r e , e x a m i n a t i o n o f m i xt u r e s o f these i n t e r m e d i a t e compounds and L i F c o u l d r e v e a l u s e f u l phase change s a l t s . To l d e n t l t y p o s s l b i e e u t e c t l c compositions i n t h e s e systems, t h e p a rt i a l phase diagrams f o r t h e t w o q u a s i -b i n a r y systems have been determined by d i f f e r e n t i a l thermal a n a l y s i s . As can be seen i n f i g u r e s 1 and 2 b o t h LiF-NaMgF3 and LiF-KMgF3 have e u t e c t i c s w i t h e x t r e m e l y l ? m i t e d o r no s o l i d s o lu b i l i t y w i t h i n t h e c o m p o s i t i o n ranges i n v e s t i g a t e d . MgF2 a l s o has a v e r y h i g h heat o f f u s i o n p e r u n i t mass and a h i g h m e l t i n g p o i n t ; t h e r e f o r e i t i s o f i n t e r e s t t o i d e n t i f y p o t e n t i a l MgF2-base systems, p a r t i c u l a r l y , f o r h i g h e r temperature (1300 t o 1400 K ) a p p l i c a t i o n s .
The p a rt i a l phase diagram f o r one MgF2-base system, MgF2-CeF3, has been determined, and i t has an e u t e c t i c a t 1393 K w i t h no s o l i d s o l u t i o n s ( f i g . 3 ) .
Table 111 l l s t s t h e m e l t i n g p o i n t s and heats o f f u s i o n f o r t h e t h r e e newly i d e n t i f i e d e u t e c t i c compositions. The e u t e c t i c f o r t h e q u a s i -b i n a r y LiF-KMgF3 system has a v e r y h i g h heat o f f u s i o n per u n i t mass (0.86 k J / g ) and t h u s would be a t t r a c t i v e f o r space power a p p l i c a t i o n s . Even though i t has a l o w heat o f f u s i o n per u n i t mass, t h e MgF2-CeF3 e u t e c t i c m i g h t be a t t r a c t i v e on a v o lume b a s i s .
Problem o f Undercool i ng
Undercooling was observed i n many systems, and t a b l e I V shows t h e e x t e n t Because o f c o n s i d e r a b l e s c a t t e r i n u n d e r c o o l i n g f o r p u r e s a l t s and m i x t u r e s . f o r d i f f e r e n t runs o f t h e same sample, a range o f values f o r t h e e x t e n t o f u n d e r c o o l i n g i s shown i n t a b l e I V . s m a l l sample s i z e s and h i g h p u r i t y m a t e r i a l s n o r m a l l y used i n t h e thermal a n a ly s i s experiments.
Since small, h i g h p u r i t y samples tend t o undercool more t h a n l a r g e , l e s s p u r e m a t e r i a l s , t h e degree o f u n d e r c o o l i n g i s expected t o be lower i n a c t u a l s e r v i c e c o n d i t i o n s . Thus f o r many s a l t systems where t h e undercooli n g I s 20 K o r l e s s , t h e r e might n o t be any p r a c t i c a l problems. However when
The r e p o r t e d u n d e r c o o l i n g s a r e f o r v e r y t h e i n t e r m e d i a t e compound NaMgF3 was formed, t h e u n d e r c c o l i n g was c o n s i d e r a b l e ( > 3 0 K), and I t could be a s e r i o u s problem I n a c t u a l s e r v i c e c o n d i t i o n s i f NaF MgF2-based systems a r e used.
1HERMODYNAMlC C O N S l D E R A l I O N S F O R CORROSION OF METALS I N THERMAL ENERGY S l O R A G E SYSTEMS
A schematic of a thermal energy s a l t c o n t a i n e r i s shown i n f i g u r e 4. I t has been p a r t i a l l y f i l l e d and then sealed by w e l d i n g i n e i t h e r an i n e r t atmosphere o r a vacuum. f l u i d , which d u r i n g the s u n l i t
p o r t i o n of each o r b 1 ( a b o u t 1 h r ) p r o v i d e s t h e energy t o m e l t t h e s a l t . The heat s t o r e d i n t h e phase change m a t e r i a l i s t h e n e x t r a c t e d by t h e same heat t r a n s f e r f l u i d d u r i n g t h e e c l i p s e p o r t i o n o f each o r b i t (-1/2 h r ) , as the s a l t s o l i d i f i e s . Since t h e atmosphere above t h e s a l t i s i n i t i a l l y i n e r t , t h e p r i m a r y mode o f a t t a c k i s expected t o be d i r e c t react l o n o f t h e m e t a l s w i t h the s a l t m e l t . However, a d d i t i o n a l modes o f degradat i o n c o u l d be i n t r o d u c e d i f t h e s a l t c o n t a i n s i m p u r i t i e s such as w a t e r . I n t h e f o l l o w i n g , thermodynamic c a l c u l a t i o n s a r e presented t o d e f i n e t h e e q u i l i b r i u m c o n d i t i o n s f o r p o s s i b l e c o r r o s i o n r e a c t i o n s . For a g l v e n s e t o f c o n d i t i o n s ,
t h e e q u i l i b r i u m s t a t e r e p r e s e n t s t h e maximum e x t e n t o f c c r r o s i o n ; t h e r e f o r e i t would p l a y an i m p o r t a n t r o l e i n assessing t h e l o n g -t e r m l i f e o f a containment m a t e r i a l .
The s a l t -f i l l e d c o n t a i n e r i s p l a c e d i n a h e a t t r a n s f e r
Methodology o f C a l c u l a t i o n s
The e q u i l i b r i u m c a l c u l a t i o n s were performed between 1000 and 1300 K by u t i l i z i n g t h e concept o f " e x t e n t o f r e a c t i o n " ( r e f s . 11 and 12) and f o r one mole o f s a l t i n the c o n t a i n e r . F o r temperatures below t h e m e l t i n g p o i n t s o f t h e s a l t s , t h e Gibbs standard f r e e energy f o r l i q u l d f l u o r i d e s were computed by standard thermodynamic procedures ( r e f . 13) u t i l i z i n g t h e h e a t o f f u s i o n d a t a a t t h e m e l t i n g p o i n t and t h e heat c a p a c i t y as a f u n c t i o n o f temperature f o r b o t h t h e l i q u l d and s o l i d s t a t e s . Wherever p o s s i b l e t h e thermodynamic d a t a were taken f r o m Barin and Knacke's c o m p i l a t l o n s ( r e f . 3 ) ; however t h e thermodynamic p r o p e r t i e s f o r s e v e r a l l i q u i d f l u o r i d e s ( i . e . , CrF2, CrF3, NiF2, FeF2, and CoF2) a r e n o t known and had t o be estimated. t h e c a l c u l a t i o n s are g i v e n ; t h e d e t a i l e d d e s c r i p t i o n s a r e elsewhere ( r e f . 1 4 ) .
While t h e main f e a t u r e s o f R e a c t i o n o f Fe, N1, Co, C r , and A1 w l t h F l u o r i d e M e l t s I n an I n e r t Atmosphere 
--where t h e u n d e r l i n i n g denotes t h a t t h e species a r e p r e s e n t a t reduced a c t i v i t y . For N i , Co, Fe, and C r t h e r e l e v a n t MexFy compounds a r e NiF2, CoF2, FeF2, CrFz/CrF3, r e s p e c t i v e l y . Although t h e r e a c t i o n o f A1 w i t h MF would r e s u l t I n f o r m a t l o n o f A1F3, t h e heat o f m i x i n g d a t a f o r MF-A1F m e l t s ( r e f . 15) suggest t h e e x i s t e n c e o f complex species A1F: -which i s e q u i v a l e n t t o t h e f o r m a t i o n o f 
The equilibrium content of MexFy (for Ni, Co, Fe, Cr) and M3A1F6 in the melt determines the maximum extent of corrosion, and the purpose of thermodynamic calculations is to estimate these concentrations. Figure 5 shows the calculated equilibrium concentratjons of various metal fluorides in alkali fluoride melts at 1100 K for corrosion of the pure metals under an inert atmosphere where Ideal solution behavior was assumed for the melt. In all three systems the tendency for metals to corrode increases in the order: N1, Co, Fe, Cr, Al. The equilibrium concentration of M3A1F6 in the molten salts Is so high that alloys containing significant amounts of A1 are expected to suffer severe corrosion. Even though these calculations were performed for unit activity, the same concluslon would still hold when A1 is present at a reduced activity. (the strengthenlng phase In Ni-base superalloys) to be cn the order of 10-5 (ref. 16 ). the equilibrium concentrations for A1 i n L I F and NaF melts at 1100 K would be 41 and 7360 mol ppm, respectively. Although these A1 concentrations are lower than those for unit activity, they are suffic'ient to cause major corrosion of Al-containing alloys.
For example, taking the activity of A1 I n Ni3Al
From figure 5 it can be seen that LIF is the least corrosive salt while NaF and WF a r c z h n~t q u a l !n t h p j r a t t a r k . The equilibrtum concentration of Ni, Co, Fe, and Cr fluorides i n a LIF melt are quite small (<<1 mol ppm); thus alloys containing these elements are expected to be corrosion resistant. Ni, Fe, and Co are also anticipated to be free from damage i n NaF and KF melts; on the other hand, alloys containing Cr might be corroded by these two melts because of higher solubility of Cr in the form of CrF2 (for example, 12 mol ppm for CrF2 as compared to approximately 0.1 mol ppm for FeF2). It appears that the formation of CrF3 is not important for corrosion of Cr due to Its much lower solubility (about 2 orders of magnitude lower than that as CrF2).
The equilibrium concentratlons of different metal fluorides in figure 5 were calculated under the assumption of ideal solution behavior in the melt, that i s , the activity coefflcient ( y ) of MexFy in the melt was assumed to be unity. melts have not been measured; I n systems for which phase diagrams are available, they can be estimated from an analysis of the phase diagrams (ref. 17) and are shown in table V . As the actlvity coefficients are considerably less than unity, a strong negative interaction seems to exist in all the MF-Me,Fy type melts. In view of the estimates i n table V , the activity coefficient of MexFy for systems without phase diagrams (all LiF-MexFy systems and NaF-CrF2) will be assumed to be 0.001 in the following equilibrium calculations.
Although activity coefficients for MexFy in alkali fluoride
The effect of the nonideallty and temperature on the equilibrium concentration of MexFy in a L I F melt i s shown in figure 6. Compared to the ideal solution behavior (fig. 5) , there Is an order of magnitude increase in the concentration of MexF at 1100 K; even with such an increase, the equilibrium concentration of NYF2 I s still less than 0.01 mol ppm. 1200 K temperature range shown in thls figure, the amounts of MexFy in the molten salts would increase about one order of magnitud2. It i s anticipated Over the 1000 to t h a t t h e c o r r o s i o n o f Fe and N i would be minimal because o f t h e low concentrat i o n s o f FeF2 and N I F 2 ; on t h e o t h e r hand, t h e e q u i l i b r i u m c o n c e n t r a t i o n o f CrF2 a t 1200 K ( 1 4 mol ppm) i s p r o b a b l y s u f f i c i e n t t o cagse some a t t a c k o f C r c o n t a i n i n g a l l o y s a t t h i s temperature. F i g u r e 7 shows t h e e q u i l i b r i u m MexFy c o n c e n t r a t i o n s between 1100 and 1300 K i n a NaF melt u t i l i z i
where A represents e i t h e r Ca o r Mg. C a l c u l a t i o n o f t h e e q u i l l b r i u m concent r a t i o n o f NIF2 and CrF2 I n a h y p o t h e t i c a l MgF2 m e l t a t 1100 K w i t h t h e assumption o f i d e a l s o l u t i o n b e h a v i o r i n t h e m e l t y i e l d s 1 . 9~1 0 -5 mol ppm f o r NlF2 and 0.08 mol ppm f o r CrF2. These values a r e t h r e e o r d e r s o f magnitude lower t h a n those determined f o r c o r r o s i o n i n a NaF m e l t a t 1100 K ( f i g . 5 ) .
Due t o t h e g r e a t e r thermodynamic s t a b i l i t y o f CaF2
, t h e e x t e n t of c o r r o s l o n i n a CaF2 m e l t should even be lower t h a n t h a t i n t h e MgF2.
Reaction o f R e f r a c t o r y Metals Nb, Mo, W W i t h F l u o r i d e M e l t s Under an I n e r t Atmosphere There a r e no known condensed Nb, Mo, o r W f l u o r i d e s between 1000 and 1400 K; i n s t e a d gaseous r e f r a c t o r y f l u o r i d e s a r e t h e s t a b l e phases. Conseq u e n t l y , t h e r e a c t l o n o f a r e f r a c t o r y m e t a l Me (Me = Nb, Ho, o r W) w i t h an a l k a l i f l u o r i d e MF can be w r i t t e n as x Me(s) t y MF(1) = MexFy(g) t y M(1)
S i n c e a gas phase i s I n v o l v e d i n e q u a t i o n ( 4 ) , f o r a c l o s e d system t h e e x t e n t o f t h e r e a c t i o n would be a f u n c t
i o n o f t h e empty space a v a i l a b l e i n s i d e a cont a l n e r . T h e r e f o r e a l l t h e c a l c u l a t i o n s were performed as a f u n c t i o n o f a dimensionless v a r l a b l e L which I s d e f i n e d as t h e r a t i o o f t h e c o n t a i n e r v o lume t o t h e molar volume o f t h e s a l t m e l t . Table V I shows t h e amount o f gaseous r e f r a c t o r y metal formed per mole o f NaF. The e x t e n t o f r e a c t i o n i s q u i t e small (<lO-7 mol of metal consumed per mole o f t h e s a l t ) f o r a l l t h e r e f r a c t o r y m e t a l s ; t h e r e f o r e no s i g n i f i c a n t c o r r o s i o n o f r e f r a c t o r y m e t a l s i n NaF 1 s expected. While c o r r o s i o n i n KF w i l l be v e r y s i m i l a r t o t h a t i n NaF m e l t s , due t o t h e g r e a t e r thermodynamic s t a b i l i t y o f L i F , r e f r a c t o r y m e t a l s should be even l e s s prone t o a t t a c k I n L I F t h a n I n NaF o r KF.
Role of M o i s t u r e i n C o r r o s i o n Water i s a common i m p u r i t y i n t h e h a l i d e s a l t s , and i t has proven d i f f ic u l t t o remove f r o m f l u o r i d e s ( r e f . 1 8 ) . U n f o r t u n a t e l y , t h e r e a c t i o n o f a l k a l i f l u o r i d e s w i t h m o i s t u r e generates gaseous HF by P a r t o f t h e HF gas w i l l then d i s s o l v e i n t h e m e l t by t h e r e a c t i o n HF(g) = HF(1) (7)
l h e simultaneous e q u i l i b r i a and mass balance c o n s t r a j n t s f o r r e a c t i o n s (eqs. ( 5 ) t o ( 7 ) ) were used t o determine t h e p a r t i a l p r e s s u r e s o f HF and H20 (PHF and PHO) above t h e m e l t , the t o t a l p r e s s u r e i n t h e c o n t a i n e r (Pi), and
mole f r a c t i o n o f d i s s o l v e d HF i n t h e m e l t (XHF M ) ) as f u n c t i o n s o f t h e i n i t i a l m o i s t u r e c o n t e n t I n t h e s a l t and L r a t i o s . 6 e s u l t s o f t h e s e c a l c u l a t i o n s f o r
NaF m e l t s a t 1100 K and an i n i t i a l t o t a l p r e s s u r e o f 0.001 atm a r e shown I n f i g u r e s 8 and 9 . The gas pressures generated i n s
i d e t h e c o n t a i n e r a r e s t r o n g l y dependent on t h e i n i t i a l m o i s t u r e c o n t e n t i r r e s p e c t j v e o f t h e f r e e volume. On t h e o t h e r hand L i s o n l y an i m p o r t a n t v a r i a b l e when m o i s t u r e l e v e l s exceed 100 ppm. From f i g u r e 8 ( d ) i t i s c l e a r t h a t pressures g r e a t e r t h a n 1 atm can be generated t o r h i g h water contents and s m a l l volumes. WHile such pressures c o u l d l e a d t o mechanical f a i l u r e o f t h e containment v e s s e l , t h e y would n o t be generated i f t h e i n i t i a l m o i s t u r e l e v e l s a r e c o n t r o l l e d t o -100 mol ppm o r l e s s . I n a d d i t i o n t o p r e s s u r i z i n g t h e containment vessel, t h e presence o f moist u r e i n t h e s a l t generates HF. Thus c o r r o s i o n would t a k e p l a c e b o t h i n t h e m e l t , as a i d e d by t h e d i s s o l v e d HF, and i n t h e f r e e volume v i a a t t a c k f r o m gaseous water and hydrogen f l u o r i d e . F i g u r e 9 i l l u s t r a t e s t h a t t h e concentrat i o n o f d i s s o l v e d HF f o r 100 mol ppm o f I n i t i a l m o i s t u r e i n t h e s a l t i s on t h e o r d e r o f 10-4 mol per mole o f NaF. I f d i s s o l v e d HF r e a c t s w i t h t h e m e t a l containment vessel, s e r i o u s c o r r o s i o n problems c o u l d be a n t i c i p a t e d . Furthermore, g e n e r a t i o n o f H2 gas by t h e c o r r o s i o n r e a c t i o n x H e t y H F = M e F +:H2 X Y w i l l i n c r e a s e t h e t o t a l pressure i n s i d e t h e c o n t a i n e r . Thermodynamic c a l c u l at i o n s f o r L equal t o 1.1 and w i t h t h e assumption t h a t a l l t h e d i s s o l v e d HF r e a c t s t o f o r m H2 gas demonstrate ( f i g . 10) t h a t t h e t o t a l p r e s s u r e i n s i d e t h e c o n t a i n e r w i l l exceed 1 atm a t a lower i n i t i a l m o i s t u r e c o n t e n t (-40 mol ppm) compared t o t h e case where t h e r e i s no r e a c t i o n between d i s s o l v e d HF and t h e c o n t a i n e r m a t e r i a l (-250 mol pprn).
From t h e thermodynamic a n a l y s i s i t i s c l e a r t h a t t h e m o i s t u r e c o n t e n t i n NaF-based s a l t s should be reduced t o l o w l e v e l s , p r o b a b l y 10 mol ppm o r l e s s , f o r prolonged c o n t a i n e r l i f e . A s i m i l a r c o n c l u s i o n can a l s o be made L i F -and KF-based s a l t systems.
CORROSION €XP€RIMtNTS
As part of the work in support of an advanced solar dynamic power system, corrosion studies in potential fluoride energy storage salts are being undertaken. Because of the large body of fabrication, joining and mechanical and physical property information which will eventually be required to build a heat receiver/storage unit, this effort is basically being limtted to commercially available, high temperature sheet alloys; although in view of forementioned thermodynamic factors, such alloys which generally contain A1 and/or Cr for oxidation resistance are probably not the best choice.
In brief about 30 Co-, Fe-, Ni-base and refractory alloys (table VII) have been exposed to several eutectic salt mixtures (LiF-19.5CaF2 which melts at 1039 K and NaF-27CaF2-36MgF2 which melts at 1178 K ) at is the eutectic melting point. Each experiment involved a metallic specimen in contact with molten salt in a sealed, evacuated quartz capsule and/or open a!umina crucible under an argon atmosphere for times ranging from 50 to 500 hr. Because residual water in the salt was deemed to be detrimental, the salts were heated under vacuum prior to sealing (Si02 capsule) or introduction of the argon (A1203 crucible) to drive off excess H20. exposure, the alloy samples were examined for evidence o f corrosion by metallographic techniques.
TM t 25 K where TM Upon completion of the Typical photomicrographs illustrating the types o f microstructural damage are presented in figure 11 . The least noxious is a general attack consisting of small, isolated near surface pores ( fig.ll(a) ; however it is apparent that general attack can produce interconnected porosity which becomes infiltrated with salt and leads to the stripping away of layers of metal ( fig. ll(b) ). Intergranular corrosion, as shown in figure ll(c), is usually a more severe form o f damage with deep penetration into the alloy. Lastly metals which are heavily corroded exhibit both general and intergranular effects ( fig. ll(d) ). In any case as the proposed life for the advanced solar dynamic system is 7 years or more, any signs of attack, either general or jntergranular, would severely limit the usefulness of the alloy.
Because it was noted in other work (ref. 19 ) that the salts attacked the quartz capsules during the corrosion exposures, there was concern that the reactions among fluorides and Si02 biased the results. which compares the depth of corrosive attack for several alloys exposed to NaF-27CaF2-36MgF2 In quartz capsules and alumina crucibles, reveals that the behavior and ranking Is slmllar for both experimental techniques. However the extent of internal penetration is much greater for the alloys sealed in quartz, and it is most likely due to the combined effects of H2 and Si02 reacting with the fluorides to form Si02 compounds. presence of quartz by itself does not greatly affect the degree of attack in NaF-27CaF2-36MgF2 Is presented in table VIII. In this case there is generally no dlfference (for example 304, 347, and Hastelloy-X) or very little deviation (310, 316 mlld steel, Hastelloy-N, "I, and Ta) between the microstructural damage found in test samples after 100 hr exposures in the molten eutectic adulterated or not adulterated with Si02.
The data in figure 12 , Additionally evidence that the A listing of the depth of both general and intergranular corrosive attack for the tests conducted in alumina crucibles is given in table VIII. It should be noted that most of the LiF-19.5CaF2 leaked out o f the A1203 crucibles during the 500 hr heat treatments: however as the degree of corrosion for these tests scales w i t h t h e 100 h r r e s u l t s (no l o s s o f s a l t observed), t h e l o n g t e r m d a t a i s p r o b a b l y v a l i d . Since t h e a l l o y i n g elements i n t h e h i g h -t e m p e r a t u r e mater i a l s do n o t v a r y i n a systematic manner, i t i s d i f f i c u l t t o make o v e r a l l statements about behavior, and only one d i s t i n c t t r e n d was found.
For Ni-base a l l o y s immersed i n t h e m o l t e n LiF-19.5CaF2 e u t e c t i c , t h e e x t e n t o f a t t a c k g e n e r a l l y i n c r e a s e d w i t h C r content ( f i g . 1 3 ) . A s i m i l a r dependency was n o t observed i n t h e C r c o n t a i n i n g Fe-base a l l o y s where t h e depth o f c o r r o s i o n f o r such a l l o y s , which have between 16 and 27 p e r c e n t C r , was about 40 and 150 pm a f t e r 100 and 500 h r h e a t treatments r e s p e c t i v e l y . A d d l t i o n a l l y t h e Co-based m a t e r i a l s were corroded by t h e LiF-19.5CaF2 m i x t u r e w i t h damage e x t e n d i n g t o -100 pm a f t e r 500 h r o f exposure. Based on t h e p r e s e n t r e s u l t s f o r t h e nonr e f r a c t o r y m a t e r i a l s , o n l y pure N i appears t o have s u f f i c i e n t c o r r o s i o n r e s i s tance f o r l o n g t e r m use w i t h LiF-19.5CaF2.
The a l l o y H a s t e l l o y B ( c o n s i s t i n g o f N i , Mo, and Fe) m i g h t a l s o be s u i t a b l e i n t h i s s a l t m e l t .
The d a t a f o r specimens which had been s u b j e c t e d t o NaF-27CaF2-36MgF2 a t 1203 K ( t a b l e V I I I ) f e l l i n t o t h r e e groups:
( 1 ) The p u r e m e t a l s Mo and W and t h e a l l o y s H a s t e l l o y 6 and Nb-1Zr appear t o have undergone v e r y l i t t l e , i f any, a t t a c k .
( 2 ) The f e r r i t i c a l l o y 18 S/R, H a s t e l l o y X, 800 and p u r e Ta e x h l b i t e d damage zones o f about 40 pm. I n view o f p r e v i o u s work w i t h t h r e e o t h e r NaF-based e u t e c t i c s ( r e f . 1 9 ) , i t i s n o t c l e a r why t h e Ni-base a l l o y s H a s t e l l o y X and 800 were more s e v e r e l y a t t a c k e d t h a n t h e o t h e r n i c k e l -r i c h m a t e r i a l s , o r why p u r e N i and Fe e x p e r ienced some c o r r o s i o n .
While t h e thermodynamic c a l c u l a t i o n s ( f i g . 6 ) i n d i c a t e d t h a t C r -c o n t a i n i n g a l l o y s should n o t be s u b j e c t t o a t t a c k i n LiF-based m e l t s , t h e d a t a i n t a b l e VI11 and f i g u r e 13 show t h a t t h i s I s n o t t n e case f o r t h e p r e s e n t experiments I n LiF-19.5CaF2.
M o s t l i k e l y t h i s b e h a v i o r i s a r e s u l t o f e i t h e r t h e i n c l u d e d m o i s t u r e which was n o t removed by t h e vacuum anneal p r i o r t o t h e c o r r o s i o n exposures o r t h e moisture (-200 ppm) p r e s e n t i n t h e argon gas; a d d it i o n a l l y I t i s p o s s i b l e t h a t r e a c t i o n s between t h i s e u t e c t i c and alumina c r u c ib l e s y i e l d e d chemical species which tended t o i n c r e a s e t h e c o r r o s i v i t y o f t h e m o l t e n s a l t . Comparison o f t h e d a t a f r o m t h e
t e r n a r y NaF system ( t a b l e V L I I ) w i t h t h e thermodynamlc p r e d l c t l o n s ( f i g . 7 ) r e v e a l s t h a t t h e y a r e b a s i c a l l y i n agreement. The r e f r a c t o r y metals Nb, Mo, and W and t h e "I-Mo a l l o y H a s t e l l o y 6 were n o t harmed, w h i l e t h e a l l o y s w i t h C r experienced some m i c r o s t r u c t u r a l damage.
SUMMARY OF RESULTS
Multicomponent f l u o r i d e s a l t m i x t u r e s , s u i t a b l e f o r use as l a t e n t h e a t o f f u s i o n h e a t s t o r a g e m a t e r i a l s I n advanced s o l a r dynamic space power systems w i t h o p e r a t i n g temperatures I n the range o f 973 t o 1400 K, were c h a r a c t e r i z e d v l a thermodynamlc c a l c u l a t i o n s and measurements and c o r r o s i o n experiments. Several new e u t e c t i c compositions were i d e n t i f i e d i n LiF-NaF-MgF2, LIF-KF-MgF2, and MgF-2-CeF3, and t h e m e l t i n g p o i n t s and e u t e c t i c compositions f o r many o t h e r 
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KF-69MgF2 -7.5 -7.3 -6.4 -6.2 -1 1 . 45 -11 -3 -9.7 -9.6 -10.4 -10.3 -8.9 -8.75 
